Mosaic aneuploidy and uniparental disomy (UPD) arise from mitotic or meiotic events. There are differences between these mechanisms in terms of (i) impact on embryonic development; (ii) co-occurrence of mosaic trisomy and UPD and (iii) potential recurrence risks. We used a genome-wide single nucleotide polymorphism (SNP) array to study patients with chromosome aneuploidy mosaicism, UPD and one individual with XX/ XY chimerism to gain insight into the developmental mechanism and timing of these events. Sixteen cases of mosaic aneuploidy originated mitotically, and these included four rare trisomies and all of the monosomies, consistent with the influence of selective factors. Five trisomies arose meiotically, and three of the five had UPD in the disomic cells, confirming increased risk for UPD in the case of meiotic non-disjunction. Evidence for the meiotic origin of aneuploidy and UPD was seen in the patterns of recombination visible during analysis with 1 -3 crossovers per chromosome. The mechanisms of formation of the UPD included trisomy rescue, with and without concomitant trisomy, monosomy rescue, and mitotic formation of a mosaic segmental UPD. UPD was also identified in an XX/XY chimeric individual, with one cell line having complete maternal UPD consistent with a parthenogenetic origin. Utilization of SNP arrays allows simultaneous evaluation of genomic alterations and insights into aneuploidy and UPD mechanisms. Differentiation of mitotic and meiotic origins for aneuploidy and UPD supports existence of selective factors against full trisomy of some chromosomes in the early embryo and provides data for estimation of recurrence and disease mechanisms.
INTRODUCTION
Aneuploidy is a significant cause of developmental disease, with frequency close to 50% in spontaneous abortions and 0.5% in live born individuals (1 -3) . Very few human chromosome aneuploidies are seen in liveborn individuals; however, mosaic aneuploidy is better tolerated. Uniparental disomy (UPD) is another mechanism for disturbance of human gene expression that can lead to human disease, and mosaic aneuploidy has been shown to be associated with UPD in some cases (4 -7) . In this work, we demonstrate the utility of a genome-wide single nucleotide polymorphism (SNP) array to identify the mechanisms causing mosaic chromosome aneuploidy and UPD. This analysis provides a window into the mechanisms of aneuploidy occurrence by observation of the genotypes in the disomic and trisomic cell lines.
Chromosomal mosaicism is defined as the presence of two or more different chromosome complements within an individual developed from a single zygote. Mosaicism has been reported for many types of chromosome abnormalities including trisomy, monosomy, triploidy, deletions, duplications, rings and other types of structural rearrangements. Mosaic aneuploidy is the most common type of mosaicism (1) . Recent studies on early human embryos have demonstrated that over 50% of embryos generated by in vitro fertilization are mosaic for a chromosome anomaly, underlining the high frequency of non-disjunction (8) (9) (10) (11) . Mosaic aneuploidy can arise from meiotic events, with an abnormal zygote and loss of one copy of a trisomic chromosome in some cells during development, or mitotically, with a normal zygote, and a subsequent non-disjunction or anaphase lag during a somatic division. These different mechanisms have a profound effect on the developing fetus. In the cases where the non-disjunction occurred meiotically, it is likely that there is a trisomic constitution in the very early stages of development, where correct chromosome number might be very important (12, 13) . Alternatively, in the cases of mitotic origin of the trisomy, early development proceeded normally, with trisomy originating further along in development, and possibly affecting only a subset of tissues. Previous work has shown that there is a chromosome-specific bias in the proportion of meiotically to mitotically occurring non-disjunctions (12, 13) .
Another consequence of meiotically originating trisomies is the risk for UPD in the disomic cell line. In the case of a meiotic trisomy, with mitotic loss of one copy of the duplicated chromosome (also referred to as trisomy rescue), the cells that have lost one copy of the trisomic chromosome are at risk for UPD, where the chromosomes that remain are both from the same parent. UPD is well known to cause disease if the chromosome contains an imprinted gene, or if a recessive disease allele is uncovered. There are three primary mechanisms by which UPD can occur: (i) trisomy rescue, whereby there is mitotic loss of one of the three copies of the trisomic chromosome; (ii) monosomy duplication in which the lone copy of a chromosome pair is duplicated via non-disjunction or (iii) gamete complementation, whereby a gamete that is missing one chromosome pair unites with a gamete containing two copies of that pair, by chance (4) . Each of these mechanisms have been reported, although trisomy rescue is thought to be the most common of the three mechanisms (7) . UPD cannot be identified by standard cytogenetic techniques. Rather, when UPD is suspected based on clinical or cytogenetic features, analysis of specific chromosomes is undertaken using molecular markers or by analysis of methylation patterns for the chromosomal region of interest.
Chromosomal mosaicism can be identified cytogenetically, but identification of lower levels of mosaicism can be challenging, as many cells have to be counted. It has been estimated that analysis of 20 cells (standard for routine chromosome analysis) will detect 14% mosaicism (in the tissue being studied) with 95% confidence (14) . The level of mosaicism detected goes down when the number of cells is increased, however analysis of more cells is not normally carried out unless there is a suspicion for chromosomal mosaicism. In addition, for some types of mosaicism, the abnormal cells as well as the normal cells may not divide, so analysis of metaphases might provide a biased view of the true chromosome constitution of this individual. This metaphase bias against abnormal cells has been conclusively demonstrated for some abnormalities, such as the isochromosome 12p seen in patients with Pallister Killian syndrome (15) . Array analysis by comparative genomic hybridization or SNP array analysis offers several advantages for detection of mosaicism compared with chromosome analysis in which (i) a large number of cells can be surveyed at once, since DNA is extracted from a culture of many cells and (ii) both interphase and metaphase cells are analyzed, eliminating the culture bias introduced by analysis of metaphase cells only.
We have used a genome-wide SNP array for our genomic analyses. Genome-wide SNP arrays use a combination of intensity and genotyping data that provide high-resolution means to diagnose genomic abnormalities that cause clinical disease. The use of genome-wide SNP arrays permits the simultaneous evaluation of copy number to detect mosaic gains and losses, and UPD, in cases of isodisomy or isodisomic regions secondary to recombination. In the case of heterodisomy, UPD diagnosis by SNP array can be accomplished if parental DNA is analyzed.
Chimerism is similar to mosaicism in that it is defined by the presence of two genetically distinct cell lines; however, in the case of chimerism there is fusion of two different zygotes within a single embryo (16) . Chimerism is often recognized because there are both 46,XX and 46,XY cell lines, which sometimes manifest clinically, but are readily discernable cytogenetically. Cytogenetic analysis are unable to detect chimerism without a difference in sex chromosome constitution between the two cell lines. Detection in these instances requires molecular analysis if chimerism is suspected. The use of a genome-wide SNP array makes the differentiation of chimerism and mosaicism possible, as the additional presence of extra genotypes in the chimeras is readily detectable. In this study, we analyzed a phenotypic male with multiple clinical abnormalities and 46,XX and 46,XY cell lines, and demonstrate that his genotypes are consistent with chimerism. We are able to propose a mechanism for the origin of his 46,XX cell line, which explains his clinical abnormalities.
We present data on a cohort of patients with mosaic chromosome abnormalities to provide information on the timing and origin of the mosaicism, mechanism by which the abnormality occurred, and frequency of UPD in these patients. We have also studied 11 patients with UPD, both segmental and whole chromosome, and were able to diagnose the mechanism by which these occurred, and provide information relevant to recurrence risks for these individuals.
RESULTS
We studied 2019 patients referred for clinical diagnostic testing using a genome-wide SNP array. Mosaic aneuploidy patients accounted for 1% of all patients referred to the CytoGenomics laboratory. In this cohort, we identified 21 patients with mosaic aneuploidy (three with concomitant UPD) in whom we could determine the developmental timing of the non-disjunction leading to aneuploidy. We also found an additional eight patients with UPD and one chimeric patient with complete UPD in one of the cell types.
Mosaic aneuploidy (monosomy)
Of 21 patients with mosaic aneuploidy, nine had mosaicism for a monosomic cell line, and one was a monsomy/trisomy mosaic (45,X/47,XXX). All but one of the mosaic monosomies involved the X chromosome and we observed one case of monosomy 7. The percentage of monosomic or trisomic cells could be calculated from the array data as described (see Materials and Methods). Based on the array data, the percentage of monosomic cells varied from 5 to 95% (Table 1) . A spectrum of frequencies for mosaic monosomies or partial monosomies is illustrated in a composite picture in Figure 1 . Mosaic monosomy is diagnosed when the log R ratio shows a decrease across the whole chromosome, which is less than the decrease seen for complete loss of one copy of the region. In addition, the B allele frequency appears altered, with values that are dependent on the percent and genotype of the remaining allele. Loss of an A allele, results in a shift of the frequency towards 0%, while loss of a B allele results in a shift towards 100%. Therefore, the percent mosaicism can be calculated from the relative shifting of the B allele frequency as discussed in the Materials and Methods section.
In eight of the sex chromosome mosaic monosomies, the percentages of cells that were monosomic were in good agreement when array and cytogenetics were compared. The comparison could not be made in case no. 7, because the array was carried out on a lymphoblastoid cell line, and it is expected that there will be clonal selection within the cell line. In the case of the patient with mosaic monosomy 7 (case 5) detected by array analysis, we could not identify any cells with monosomy 7 by metaphase analysis of G-banded cells (Fig. 2A) . However, fluorescence in situ hybridization (FISH) using a chromosome 7 centromere probe was consistent with monosomy 7 in 14 of 200 (7%) cells (Fig. 2B) . In this case, there was also an altered B allele frequency indicating a higher percentage mosaicism surrounding the centromere, and we hypothesize that this monosomy may have originated as a small marker chromosome, with subsequent loss of the marker to create the monosomy ( Fig. 2A and C) . We were unable to identify the putative marker chromosome (or the monosomy) on analysis of G-banded chromosomes, consistent with selection against these cells in dividing cultures. In this case, it was clinically relevant to determine the parent of origin in order to assess the possibility of paternal loss associated with Russell-Silver syndrome (17) . Analysis of informative SNPs on chromosome 7 in the subject and parental samples confirmed that the missing chromosome was paternal. Therefore, this patient's phenotype would be the result of the loss of paternally expressed genes, as is seen in patients with maternal UPD for chromosome 7.
Mosaic monosomy could either arise by mitotic nondisjunction in a diploid embryo leading to monosomy in a subset of cells, or monosomy rescue in some cells of a monosomic zygote early in development. These alternatives can be differentiated by inspection of the patterns of genotypes in the mosaic cells. All of the cases of mosaic monosomy arose by mitotic nondisjunction as we could identify mosaic loss of heterozygosity with allele frequency patterns consistent with the presence of two distinct haplotypes in all patients. In the case of monosomy rescue, we would expect duplication of the existing genotypes in the diploid cell line, with homozygosity at all loci.
Mosaic aneuploidy (trisomy)
Twelve patients had mosaicism for a trisomic cell line. These included three cases of mosaic trisomy 9; two cases each of mosaic trisomy 8 and 14; one case each of mosaic trisomy 17 and 18; two patients with double trisomies (þ7, þ21 and þ8, þ19) and one patient with a monosomy/trisomy mosaicism (45,X/47,XXX) ( Table 1) . As with mosaic monosomy, the percent mosaicism of the trisomies were calculated using the altered percentages of B allele frequencies observed for the abnormal chromosome. In the case of mosaic trisomy, the log R ratio indicates an increase in copy number, between two and three copies (Fig. 1B and C) . The B allele frequency also shows an intermediate percentage, with additional frequencies observed between 0 and 50% (for addition of an A allele), and between 50 and 100% percent (for addition of a B allele). In the case of heterozygous alleles, the additional allele would result in a shift from 50% (for AB genotype) towards 33% (for a gain of an A allele), or towards 66% (for the gain of a B allele). In the case of homozygous alleles, the additional allele would not result in a shift of B allele frequency, unless the trisomic cell line introduces a genotype that was not present in the euploid cell line. In this case, additional shifts in the B allele frequency are observed, corresponding to a shift in B allele frequency from 0% towards 33% (in the case of AA in the euploid cell line and AAB in the trisomic cell line), and a shift from 100% toward 66% (in the case of BB in the euploid cell line and ABB in the trisomic cell line) (Fig. 1C ). These additional B allele frequencies found only in the trisomic cell line would not be observed in mosaic trisomies because of mitotic non-disjunction since no new genotypes are introduced (Fig. 1B) . For each of the mosaic trisomy cases, we were able to determine whether the mosaic trisomy arose by nondisjunction during meiosis, followed by mitotic loss in some cells, or mitotic non-disjunction with gain of the trisomic chromosome in some cells. The mosaic trisomies are especially informative for determination of the origin of the trisomy, as examination of the genotypes allows identification of the haplotype of the chromosome that is present in only a subset of cells. Meiotic origin of the trisomy is seen when the mosaic extra chromosome contains a genotype not present in the other two chromosomes. Meiotic crossovers can also be identified at the boundaries of these regions with three haplotypes (Fig. 3B-D) .
Seven of the 12 cases of mosaic trisomy arose by mitotic non-disjunction. A mitotic origin was suggested by the absence of a third haplotype, indicated on the SNP array by additional genotypes closer to the homozygous AA or BB tracks (as illustrated in Fig. 1B) indicating that the trisomic cell line contains two identical chromosomes. However, we cannot rule out the possibility that the non-disjunction occurred in meiosis II, with no genetic recombination. This was seen in one case of þ8, two cases of þ9 (Fig. 3A) , þ17, þX in a 45,X/ 47,XXX individual (Fig. 2C) , and both cases of the double trisomies (þ7/þ21 and þ8/þ19). These mitotic events involved chromosomes that are rarely found as trisomies (7, 17 and 19) , as well as the 45,X/47,XXX. The 45,X/47,XXX patient was shown to have one paternal X chromosome in the monosomic cell line, and the same paternal X chromosome in the XXX cell line (in addition to two identical maternal Xs). This was determined using a FISH probe for a deletion that was present on the paternal chromosome only (Fig. 2D) previously discussed mosaic monosomy 7, all arose mitotically, consistent with these abnormalities being lethal if they occurred during meiosis.
Five cases of mosaic trisomy arose by meiotic nondisjunction including one case of mosaic þ8, one of þ9, and two cases of þ14, and one case of þ18 (Fig. 3B-D) . In three cases the non-disjunction occurred in meiosis I and in two cases in meiosis II (Table 1) . Meiotic non-disjunction was recognized when an increased number of haplotypes were visualized at different locations across the chromosome. Meiosis I non-disjunction could be differentiated from meiosis II non-disjunction by the location of the regions of extra haplotypes. When the additional haplotypes are visible near the centromere, this signifies the presence of the two different homologs, consistent with a meiosis I nondisjunction ( Fig. 3B -D) . When the additional haplotypes are present near the telomeres, but not the centromere, this is consistent with a meiosis II origin, where it is the sister chromatids that have undergone non-disjunction (Fig. 3C ). Of note, the additional haplotypes seen as a result of meiotic nondisjunction are exceedingly helpful in aiding the recognition of low-level mosaicism, even though there is a small separation between the different allele frequencies. This can be seen in the case of trisomy 18 pictured in Figure 3C . Inspection of genotypes in our cases of mosaic trisomy caused by meiotic non-disjunction revealed UPD in three cases (UPD 8, UPD 9 and one case of UPD 14). This is shown for the individual with mosaic UPD 8 in Figure 3D . Only the patient with UPD 14 showed clinical features consistent with UPD (see below) (18) . The presence of UPD in the euploid cells lines was identified by the presence of mosaic loss of heterozygosity secondary to trisomy rescue of a meiotic non-disjunction. The mosaic trisomies for chromosomes 8 and 9 suggested UPD in the euploid cell line, with a region of mosaic loss of heterozygosity at the p-arm telomere, and one crossover site. The presence of three haplotypes at the centromeres suggested meiosis I non-disjunction, with subsequent loss of the unique parental chromosome during mitosis. Parental samples were not available for these patients. One patient with mosaic trisomy 14 showed the presence of three haplotypes in approximately 20% of cells, with two haplotypes in 80% of cells in unstimulated peripheral blood. The presence of two crossover sites was observed near the centromere and telomere, and a drop out of heterozygous B allele frequencies indicated the presence of UPD in the euploid cell line. Parental genotypes were obtained, and informative SNPs revealed the presence of paternal isodisomy near the centromere and telomere, and paternal heterodisomy for the remainder of the chromosome in approximately 80% of cells. These results are consistent with paternal non-disjunction in meiosis II, followed by loss of the maternal chromosome during development, resulting in mosaic paternal UPD 14, which was consistent with the patient's phenotype.
There was no evidence for UPD in the remaining two of the patients who had undergone meiotic non-disjunction (chromosomes 14 and 18). Parental samples from the patient with mosaic trisomy 14 revealed two contributions from the maternal genome in the trisomic cell lines in 50% of cells, and biparental inheritance in the remaining cells, ruling out UPD. The pattern of B allele frequencies supports this finding, with no presence of mosaic loss of heterozygosity seen along chromosome 14 in this patient (Fig. 3B) . This patient did not have clinical features consistent with trisomy 14, but showed only developmental delay, and congenital hip dysplasias.
We calculated the percent mosaicism in each case from the array data obtained by analysis of whole blood as described above, and compared these with the results of cytogenetic or molecular cytogenetic analysis of PHA-stimulated peripheral blood or cultured fibroblasts. The array results were often divergent with the data obtained by cytogenetics (Table 1 ). There were examples of increased frequencies in both the array and cytogenetic preparations in different cases. For example, two cases with trisomy 8 mosaicism showed opposite patterns.
Case no. 12 was calculated as 40% mosaic trisomy 8 on array analysis, whereas 100% of 20 cells studied in the blood showed trisomy 8. By contrast, case no. 16 was calculated as 5% mosaic by array analysis, whereas cytogenetic analysis showed 1.5% of cells with trisomy 8. Overall, there were eight instances of increased aneuploidy frequency in the array data and four instances of increased aneuploidy detected in metaphase preparations. For the individual with the double þ7, þ21 trisomy, we studied two independent cultures, and calculated increased frequency of the aneuploidy by array in one, and by cytogenetics in the other (Table 1) .
Uniparental disomy
We identified six patients with at least one run of homozygosity greater than 20 Mb in length (Table 2 ). There was no known history of parental consanguinity in these individuals, and we hypothesize that the homozygosity is explained by UPD. This group of patients did not show evidence for mosaic aneuploidy. For each of these cases, it was possible to infer the mechanism by which the UPD occurred with two cases of monosomy rescue and four cases of trisomy rescue. Monosomy rescue is hypothesized in one case of UPD14 and one case of UPD 15. In these cases, there is no evidence for recombination, as all genotypes present are homozygous (Fig. 4A ). For both of these cases, there is a known phenotype associated with UPD and the phenotypes of the patients were consistent with those found in patients with paternal UPD, suggesting a meiotic non-disjunction in maternal meiosis, resulting in a nullisomic egg, with subsequent rescue after fertilization. We cannot rule out the possibility of meiosis II non-disjunction in sperm, although the complete lack of evidence for crossing over makes this unlikely. The patient with UPD15 presented with Angelman syndrome, consistent with monosomic rescue via duplication of a paternal chromosome 15. Confirmation of paternal UPD was achieved by subsequent bisulfite testing in a clinical laboratory. In the case of UPD 14, the patient presented with multiple anomalies including 'coat hanger ribs', which is pathognomonic for paternal UPD14 (18) . Analysis of parental samples and comparison of genotypes with those seen in the child confirmed a paternal UPD, by examination of informative SNPs across chromosome 14. This result was also validated by examination of microsatellite markers across chromosome 14 at a commercial laboratory.
Trisomy rescue was hypothesized to have caused four cases of UPD (UPD 2, 14, 15 and 16), although we did not detect evidence of the trisomic cell line. These cases presented with chromosomes that showed both runs of homozygosity (minimum of 21 Mb) and heterozygosity, demonstrating results of the recombination process in meiosis. For example, the patient with UPD 15 showed evidence for meiosis II non-disjunction, with a run of homozygosity that included the centromere of chromosome 15 (Fig. 4B) . We hypothesized that the non-disjunction occurred in maternal meiosis II, with post-zygotic loss of the paternal chromosome 15, as this patient presented with clinical features consistent with Prader -Willi syndrome (neonatal hypotonia, childhood obesity, delayed milestones), known to be caused by maternal UPD (4). Maternal UPD 15 was confirmed by follow-up methylation testing in a clinical laboratory. The three remaining UPD patients had SNP patterns consistent with nondisjunction that occurred in meiosis I, as there were heterozygous alleles near the centromere (UPD 2, 14 and 16). These three patients had genotypes that suggested UPD owing to the size of the run of homozygosity, and the paucity of such regions on other chromosomes. Crossovers were identified in all three patients, with one to three exchanges per chromosome. Parental samples were not available for these patients, and therefore the UPD could not be validated.
In addition to UPD as a result of meiotic error, two patients presented with mosaic segmental UPD, consistent with a mitotic origin. UPD for 11p15.5 was identified in two samples (skin tissue and pancreatic tissue) from a patient with focal hyperinsulinism. This diagnosis is consistent with the finding of mosaic paternal somatic UPD involving loci within 11p15 (19) . In this patient, the B allele frequency pattern observed in skin tissue, which was initially studied, revealed a low percentage mosaicism for a genomic event, but we could not distinguish mosaic deletion, duplication or UPD, as there was no visible change in the log R ratio (Fig. 4C) . The allele frequencies suggested a low level mosaicism for loss of heterozygosity, which is consistent with the clinical findings in the patient. Using this shift in allele frequencies, the percent mosaicism for the abnormal cell line could be estimated at 10%. When pancreatic tissue was studied, the percentage of abnormal cells increased, and it became clear that the greater difference in B allele frequency was not reflected in the log R ratio, consistent with mosaic segmental UPD (Fig. 3D) . A second patient, who presented with hemihypertrophy, was also found to have mosaic loss of heterozygosity, suggesting mosaic UPD for 11p15. Similar to the previous case, the percentage of UPD was calculated to be approximately 10%. This finding is also consistent with the clinical presentation of Beckwith-Wiedemann Syndrome (20) .
Mosaicism for complete uniparental (maternal) inheritance
Patient 21 was referred to the laboratory for diagnostic studies because of a history of failure to thrive in infancy, followed by childhood obesity, limb length discrepancy, pigmentary (Fig. 5B) . Array analysis was carried out on the 46,XX/46,XY tissue. Surprisingly, we found that all of the autosomes had a similar, altered B allele frequency with a pattern consistent with two genotypes at every locus with an altered ratio between the two haplotypes, when compared with a normal diploid cell line (Fig. 5C ). This finding rules out a straightforward XX/XY mosaicism in this individual since all autosomes are affected, and is consistent with chimerism. The pattern for the X chromosome was different than that for the autosomes, with only a single apparent genotype, consistent with only one X chromosome haplotype in this XX/XY chimera (Fig. 5D ). This is consistent with his XX cell line demonstrating maternal UPD (parthenogenetic chimera). This could be caused by either fertilization of a diploid egg by a Y-carrying sperm, fertilization of an endoreduplicated egg or fusion of a polar body with a fertilized zygote (16) . Examination of the genotypes showed that there was no evidence for genetic exchange for any of the autosomes or the X chromosome, which argues against fertilization of a diploid egg, and suggesting that the origin of the XX cell line is most likely because of endoreduplication of the egg genome. One similar parthenogenetic chimera has been reported in the literature (21) . Further work is in progress to clone out the XX and XY cell lines to better understand the mechanism of formation in this individual.
DISCUSSION
We studied more than 2000 patients using a genome-wide SNP array and identified a group of patients with low-level mosaic aneuploidy, UPD and chimerism. We found a higher than expected frequency of these events. We were able to identify the mechanism, parental origin and developmental timing of these abnormalities and show that patients with mosaic trisomies, which originate meiotically, are at increased risk for UPD.
Mosaicism detection and percentage in cohort
Twenty-one patients studied had mosaic aneuploidy, which corresponds to 10% of the 210 abnormalities diagnosed in our laboratory during the same time period. We identified mosaic monosomies and trisomies that were both expected and unexpected. Expected abnormalities include common trisomies such as those for chromosomes 18 and 21, monsosomy X as well as previously described mosaic trisomies such as chromosome 8, 9, 14 and those of the sex chromosomes (X and Y). The identification of the unexpected, rare abnormalities (such as mosaic monosomy 7, trisomy 17 and double trisomies (þ7, þ21 and þ8, þ19) is likely owing to both the analysis of whole, unstimulated blood which is an advantage of all array-based studies, when compared with cytogenetics; and the increased sensitivity of the SNP array, which uses both intensity and genotyping data to identify mosaics. We therefore hypothesize that low level mosaicism may be more common than previously anticipated. Using array CGH, a mosaic aneuploidy discovery rate of 0.2% was reported (22) . Previous studies of dilution series of known abnormalities using array CGH platforms or intensity data from SNP arrays have estimated the minimal detection of mosaicism to be 10 -20% (22 -24) . We have been able to identify mosaics at levels less than 5%. In our experience and as shown in Figure 1 , B allele frequency is more sensitive to the subtle loss or gain of a haplotype than the log R ratio is to the subtle shifts in intensity levels, because of the normalization and logarithmic transformation of the intensity data. Mosaicism that involves the introduction of a new haplotype in the abnormal cells is especially sensitive to detection by our analysis, as demonstrated by the patient with mosaic trisomy 14 and 18.
Mechanisms
Mosaic aneuploidy can result from meiotic or mitotic nondisjunction. In the case of meiotic non-disjunction, the trisomy or monosomy is present in the zygote, but is corrected by a subsequent mitotic event (non-disjunction or anaphase lag). Alternatively, the zygote can be normal, with a mitotic event leading to monosomy or trisomy in some cells. Analysis of the genotype patterns in the disomic and trisomic cells of a mosaic aneuploid individual can differentiate these possibilities. Differentiating between a mitotic and meiotic origin for trisomies is essential for proper counseling and determining recurrence risks, because trisomy as a result of meiotic nondisjunction is associated with a higher risk of recurrence, especially in younger women (25) .
Meiosis
Five of the 12 cases of mosaic trisomy arose by meiotic nondisjunction and the remaining seven arose mitotically. The meiotically originating cases involved chromosomes 8, 9, 14 (two cases) and 18, with origins in meiosis I (chromosomes 8, 9 and one case of chromosome 14) and meiosis II (one case of chromosome 14 and one of 18). This case of meiotically originating trisomy 8 mosaicism is one of three identified in this study, with the other two having occurred mitotically. Analysis of mosaic trisomy 8 seen in liveborn individuals reported in the literature has demonstrated that most cases arise mitotically (26, 27) . This has lead to the hypothesis that trisomy 8 is selected against in the early embryo. However, we demonstrate one case of mosaic trisomy 8 that has occurred meiotically, indicating that there must be other factors involved in survival for these individuals. One other rare case of meiotically arising mosaic trisomy 8 has been reported (28) . Mosaic trisomy 14 has been found to arise both meiotically or mitotically with equal frequency, and occurs in both maternal and paternal meiosis (2) . We could determine parental origin in our two cases of chromosome 14 mosaicism and found that one originated in maternal meiosis I, while the other originated in paternal meiosis II. It is not surprising that the case of mosaic trisomy 18 originated in meiosis II, as it is well known that even full trisomy for chromosome 18 is seen in liveborn individuals and is biased for origin in maternal meiosis II (2). Whole chromosome UPD was identified in three of the five meiotic cases of mosaic trisomy, one each of chromosomes 8, 9 and 14. This highlights the significant risk for UPD (60%) by trisomy rescue in cases of mosaic trisomy that originate meiotically. In addition, we identified six cases of whole chromosome, UPD, without evidence of mosaic trisomy [chromosomes 2, 14 (two cases), 15 (two cases) and 16]. Recognition of clinically significant UPD can be difficult as long contiguous regions of homozygosity (ROH) have been reported in the general population, with regions averaging 4 Mb in European populations (29) and 26 Mb in Han Chinese populations (30) . We considered unusually long, contiguous and chromosome-specific ROH identified in patients with no history of consanguinity to be the result of UPD. Confirmation of UPD comes from correlation with clinical phenotype and validation by analysis of parental DNA. There are known imprinted genes, with a known clinical phenotype for UPD 14 and UPD 15, and the phenotypes in our patients were consistent with these. We were also able to validate UPD using parental testing in both cases of UPD 14, and one case of UPD 15.
We could identify the mechanism by which UPD occurred in each patient, either trisomy or monosomy rescue. One case of UPD 14 and one case of UPD 15 occurred via monosomy rescue, and the other four occurred by trisomy rescue, although there was no evidence for trisomy in these DNA samples. In a recent study, sex-specific recombination hotspots were identified (31) . We compared the recombination sites in our patients to those previously reported, and we found concordance for the locations. This evidence for the remnants of meiotic recombination supports our interpretation of occurrence by trisomy rescue, and in addition; it is possible to predict the parent in which the non-disjunction originated based on this data.
Mitosis
All 10 cases of mosaic monosomy arose mitotically from a diploid zygote. These findings are consistent with those previously reported on 14 cases of mosaic 45,X/46,XX and two cases of 45,X/47,XXX (12) . Mosaic monosomy 7 is very rare, although cases have been reported to occur somatically in association with myelodysplasia (32) . Our results support the hypothesis that the presence of at least two copies of each chromosome is essential during early embryogenesis.
Seven of the trisomies as well as the two double trisomies originated mitotically (þ8, þ9, þ9, þ17, þX, þ7/þ21, þ8/þ19). Double trisomies have been identified in spontaneous abortions and were found to originate during maternal meiosis in all of these cases (33) . This more severe outcome for those originating in meiosis (as evidenced by discovery in spontaneous abortions) is consistent with selection against these abnormalities during early development. Other mosaic trisomies that originated in mitosis included chromosomes that are rarely detected as trisomic in stillborns or liveborns (7, 17, 19) , also consistent with a selective disadvantage for these trisomies early in development (1) . In addition, as discussed above, mosaic trisomy 8 occurs more frequently during mitosis when it is detected in liveborns (26, 27) . We identified three cases of mosaic trisomy 9, one of meiotic origin and two mitotic origins, consistent with no bias in the origin for this chromosome. This is further supported by the finding of full trisomy 9 in stillborn individuals and embryos (1, 8) . The case of X chromosome aneuploidy was a 45,X/ 47,XXX mosaic, with direct evidence for a mitotic origin and it has been hypothesized that there is selection against 45,X in the early embryo (12, 34) .
We also identified two cases of mosaic segmental UPD for chromosome 11p. This region of the genome is known to contain several imprinted genes, and both individuals demonstrated clinical features consistent with paternal UPD (19, 20) . The mechanism of formation of segmental UPD is not known, although it is presumed to occur mitotically, as seen in our patients.
Chimerism
While chimerism in itself is a rare finding, we have identified an individual who is a 46,XX/46,XY chimera, with the entire 46,XX cell line derived from his mother. We hypothesize that this cell line arose by parthenogenetic development of the The use of genome-wide SNP arrays allows simultaneous evaluation of genomic dosage and genotypes. The dual property of this tool allows identification of clinically significant alterations, with simultaneous insights into the mechanisms by which these abnormalities occur. Their use in clinical diagnostics provides important information for recurrence and interpretation of the clinical effect of abnormalities.
MATERIALS AND METHODS

Patient identification and sample preparation
All patients were referred to The Children's Hospital of Philadelphia Clinical CytoGenomics Laboratory for diagnostic studies (n ¼ 2019). Indications for the testing varied widely, including pervasive developmental delay, seizures, congenital anomalies, short stature, failure to thrive, hearing or vision loss, and various combinations of developmental and congenital issues. Of these patients, 30 (1.5%) had either a mosaic aneuploidy or UPD and studies on these patients are described here. When available, parental samples were obtained for parent of origin analysis.
Sample preparation and array analysis DNA was extracted from peripheral blood, or cultured fibroblasts. The quality of the DNA was monitored by analysis of OD 260 /OD 280 and OD 260 /OD 230 ratios. Acceptable samples had values between 1.8 and 2.0 and ratios . 2.0, respectively. Thirty microliters of a 50-100 ng/ml solution of genomic DNA was aliquoted into 96-well plates and genotyped on the Illumina BeadStation. The samples were whole genome-amplified, fragmented, hybridized, fluorescently tagged and scanned, as per standard protocols (35) . Initial analyses (n ¼ 7) were carried out using the Illumina HumanHap550 BeadChip (V3), which contains 561 466 SNP probes, distributed genome-wide. All subsequent samples were analyzed using the IlluminaQuad610 array, which contains all of the SNP probes found on the Illumina HumanHap550, an additional 37 355 SNP probes, and 21 890 intensity-only probes, which were placed, in regions where SNP coverage is poor. For Quad610 analysis, we selected a subset of probes for analysis that included all intensity-only probes on the Y chromosome and in the pseudoautosomal (XY) region, but excluding these probes elsewhere in the genome, for a total of 594 906 probes. For all arrays, the call rate of the samples served as the initial screen for data quality. The B-allele frequencies for each sample were examined for imbalance of A and B alleles (AA versus BB versus AB) as indicators of suboptimal performance. Samples with call rates less than 98% were re-run, re-scanned or the DNA re-extracted. Data sets with log R ratio standard deviations above 0.35 were deemed noisy and were also re-run, re-scanned or the DNA was re-extracted.
Copy number detection and analysis
HumanHap 550 V3 and Quad610 chips use Build36 coordinates. All copy number variation calls were visually detected by using Illumina's BeadStudio software. Mosaic changes were detected by assessing for aberrations in probe intensities (as measured by log R ratios) along with a shift in genotype frequencies of the SNP probes (as measured by B allele frequencies). The expected B allele frequencies for a variety of mosaic models were calculated using the formula:
where B is the B allele frequency for a given SNP in cell line 1 or 2, P the percent mosaicism (in terms of cell line 1) and n the copy number for a given SNP in cell line 1 or 2. For each model (trisomy, deletion, duplication, LOH and chimerism), a table was used to calculate the expected B allele frequencies at various mosaic levels (Supplementary Material, Table S1 ).
Parent of origin analysis
Informative SNPs were identified using a Perl program from parental genotyping information exported from BeadStudio. Informative SNPs were then compared with genotypes for the proband to identify parent of origin for UPD cases. In cases where mosaic UPD was suspected, the genotype for each SNP of the proband's euploid cell line was modeled using the expected B allele frequency formula. The haplotype of the additional chromosome was identified, as well as the euploid cell line. Parental samples were compared with these modeled genotypes to determine parent of origin. Similar modeling was also performed in cases of mosaic monosomy.
Validation
Patient samples were validated by cytogenetics, FISH and/or clinical testing for UPD including microsatellite markers or methylation testing. FISH was carried out by standard methods using either a commercially available probe (Vysis, Inc. or Cytocell, Inc.), or using Bacterial Artificial Chromosome (BAC) or fosmid probes that were grown and labeled for this analysis. DNA clones were ordered from CHORI (bacpac.chori.org). DNA purification was carried out according to standard protocols using the PureLink HiPure Filter Maxi Kit. DNA was labeled by nick translation using a commercially available kit (Vysis, Inc.).
